We describe a structural domain common to proteins related to human calmodulin-regulated spectrin-associated protein1 (CAMSAP1). Analysis of the sequence of CAMSAP1 identified a domain near the C-terminus common to CAMSAP1 and two other mammalian proteins KIAA1078 and KIAA1543, which we term a CKK domain. This domain was also present in invertebrate CAMSAP1 homologues and was found in all available eumetazoan genomes (including cnidaria), but not in the placozoan Trichoplax adherens, nor in any nonmetazoan organism. Analysis of codon alignments by the sitewise likelihood ratio method gave evidence for strong purifying selection on all codons of mammalian CKK domains, potentially indicating conserved function. Interestingly, the Drosophila homologue of the CAMSAP family is encoded by the ssp4 gene, which is required for normal formation of mitotic spindles. To investigate function of the CKK domain, human CAMSAP1-enhanced green fluorescent protein (EGFP) and fragments including the CKK domain were expressed in HeLa cells. Both whole CAMSAP1 and the CKK domain showed localization coincident with microtubules. In vitro, both whole CAMSAP1-glutathione-s-transferase (GST) and CKK-GST bound to microtubules. Immunofluorescence using anti-CAMSAP1 antibodies on cerebellar granule neurons revealed a microtubule pattern. Overexpression of the CKK domain in PC12 cells blocked production of neurites, a process that requires microtubule function. We conclude that the CKK domain binds microtubules and represents a domain that evolved with the metazoa.
Introduction
The evolution of animals required the adaptation of the preexisting proteome to meet the distinctive requirements of this form of communal life. Adaptations were required that allowed the assembly of cells into functional tissues by assembly of signaling systems, cell polarization, differentiation, and adhesion, as well as protection from the forces of whole animal movement. Some of these adaptations occurred via novel mechanisms for usage of existing proteins; in other cases, new proteins evolved via adaptation of preexisting domains in processes sometimes likened to molecular Scrabble (Gimona 2006) .
Much attention has been paid to the evolution of signaling systems and the cell adhesion extracellular matrix proteins required for the assembly of functional tissues (e.g., King and Carroll 2001; Nichols et al. 2006) . Comparatively less attention has been paid to the cytoskeleton and the adaptations required for the assembly of the dynamic structural platforms within animal cells that support the shape, intracellular transport mechanisms, and membrane organization of animal cells. Pfam (Bateman et al. 2002) , for example, annotates a large number of cytoskeletal domains unique to metazoa. In addition, many Pfam domains of unknown function (DUF) presumably have potential cytoskeletal function. Recent analysis of the genome of a simple animal, a sea anemone, reveals cytoskeletal proteins and domains in processes such as synaptic transmission and muscle contraction that seem to be early adaptations to animal life (Putnam et al. 2007 ).
Here, we describe some of the characteristics of a novel family of animal proteins, the CAMSAP family. CAM-SAP1 has recently been reported as a protein expressed in the nervous system of mammals in neurons and astrocytes, where it is suggested to interact with intermediate filaments (IFs; Yamamoto et al. 2009 ). In our own work, so far only presented in preliminary form (Baines et al. 2008) , we have found interactions with spectrin and calmodulin; hence, the origin of the name CAMSAP1-calmodulinregulated spectrin-associated protein 1. A related mammalian protein, KIAA1543, has been reported to interact with the kinesin KIF3c and PLEKHA7 (pleckstrin homology domain-containing, family A member 7) and is part of a complex that anchors microtubules at zonula adherens in epithelia (Meng et al. 2008) . In the fruit fly, the orthologous gene ssp4 is required for normal mitotic spindle formation (Goshima et al. 2007 ) and genetic interactions suggest a role in meiosis too via interactions with the polo kinase inhibitor matrimony (Giot et al. 2003) . This family of proteins appears to have functions in a variety of cytoskeletal arrays and cellular processes, so it is of great importance to characterize it further, especially in defining the molecular basis of functions that may be common to the whole family.
Analyses For general protein sequence analysis, the EMBOSS (Rice et al. 2000) or GCG (Genetics Computer Group 1994) suites were used. Domains were identified using the EBI Interpro (Apweiler et al. 2000) server (http://www. ebi.ac.uk/InterProScan/) Blast analyses were done with either the WU-Blast2 server at EBI (http://www.ebi.ac.uk/blast2/), the NCBI Blast server at the (http://www.ncbi.nlm.nih.gov/BLAST/) or NCBI Blast installed locally. The HMMER package (Eddy 1998 ) was used for hidden Markov model analysis and alignment. Secondary structure predictions were made using PSI-Pred (http://bioinf.cs.ucl.ac.uk/psipred/), DISO-PRED (http://bioinf.cs.ucl.ac.uk/disopred/), and Coils (Lupas et al. 1991; McGuffin et al. 2000; Ward et al. 2004 ) (http://www.ch.embnet.org/software/COILS_form. html). Fold recognition was done using the PSI-PRED and Phyre (http://www.sbg.bio.ic.ac.uk/phyre/) servers.
CKK Domain Sequence Alignments, Phylogeny, and Sitewise Likelihood Ratio (SLR) Test
To analyze the phylogeny and investigate evidence for purifying selection in the C-terminal domain of proteins of the CAMSAP family (CKK domain), 81 separate nucleotide sequences from a wide range of organisms containing the domain were identified by TBlastN analysis with human CAMSAP1 CKK as the query sequence. An alignment of the predicted protein sequences derived from these nucleotide sequences was made using ClustalW. This protein sequence alignment was then used to derive a codon-based nucleotide alignment using PAL2NAL. The full alignment of all sequences used here is given in supplementary figure 1S, Supplementary Material online. The program PhyML (Guindon and Gascuel 2003) was used for maximum likelihood analysis of the phylogenetic relationships in the alignment. For this, we used the program suite R and the phylogenetic environment APE (Paradis et al. 2004 ) to test models for evolution in PhyML: Testing 28 combinations of models indicated that the general time reversible model þ I þ C provided the best model.
To test if the vertebrate CKK domains showed evidence of purifying or diversifying selection, a codon-based alignment of 57 sequences was made as described above and subjected to an sitewise likelihood ratio (SLR) test (Massingham and Goldman 2005) guided by a PhyML tree, also prepared as described above.
Recombinant DNA Analysis, Constructs, and Transfection
The cDNA EMBL:AJ519841 was obtained from a human placenta cDNA library (Origene). It was subcloned in the Invitrogen Gateway vectors pDEST47 and pDEST15, and used for generation of enhanced green fluorescent protein (EGFP)-and glutathione-s-transferase (GST)-tagged constructs, respectively. Recombinant N-, central, and C-terminal constructs were also made in Gateway vectors and used similarly for recombinant fragment production. The protein sequences encoded by the full-length CAMSAP1 constructs were equivalent to Uniparc:UPI0000225CAE 1-1,324. Residues encoded in the constructs of fragments were as follows: N-terminal region 1-140, central region 141-1,183, and CKK domain 1,184-1,324. Microtubulebinding assays (Bennett et al. 1991) , granule cell culture (Hayes et al. 2000) , cell transfections, and neurite outgrowth assays (Bignone et al. 2007) were as described previously.
Antibodies
Antibody to CAMSAP1 was raised in-house in guinea pigs using a synthetic peptide representing the C-terminal 14 amino acid residues (PKRPAVPKKAQTRK) plus an N-terminal cysteine for coupling to keyhole limpet hemocyanin (Pierce Imject kit, Perbio, Cramlington, United Kingdom). IgG from the terminal bleed was affinity purified on the antigen coupled to Sepharose (Harlow and Lane 1988) . For immunoblots, this was used at 1:1,000; for immunofluorescence 1:100. For controls, the antigen peptide (10 lg/ml) was mixed with the diluted antibody prior to use to block specific binding. For immunofluorescence, anti-CAMSAP1 was detected using goat antiguinea pig IgG conjugated Alexa Fluor 488 (Invitrogen, Paisley, United Kingdom, diluted 1:300).Microtubules were detected using antitubulin antibody Tub2.1 (Sigma, Poole, United Kingdom, T4026, diluted 1:200) and Alexa Fluor 568 goat antimouse IgG (Invitrogen, diluted 1:300). Antibody to glutathione-S-transferase was from Sigma (G1160) used at 1:4,000, and detected with goat antimouse IgG-HRP conjugate (Sigma A3438, 1:10,000). Immunofluorescence and immunoblot procedures were as described previously (Hayes et al. 2000) .
Results

A Family of Proteins Related to CAMSAP1
In the course of characterizing proteins associated with the animal cytoskeletal protein, spectrin, we isolated a cDNA (EMBL: AJ519841) that encodes the protein CAMSAP1 . Early in our analysis of this cDNA, we noted that it encoded two defined structural domains: a calponin homology (CH) domain and a sequence at the C-terminus similar to that of a domain structure deposited in the PDB (1UGJ, Pfam DUF1781), which are described more fully below. The aim of this report is to characterize the CAM-SAP family, and its defining C-terminal domain, in evolutionary and functional terms.
Comparison of the sequence of human CAMSAP1 to the Uniprot database by Blast revealed a close sequence relationship to two other human proteins, KIAA1078 (CAMSAP1-like 1) and KIAA1543. InterPro analyses of all three proteins reveal that they have a common structural domain organization ( fig. 1a ). In view of the fact that the C-terminal domain is common to CAMSAP1, KIAA1078, and KIAA1543, we describe it here as a CKK domain.
Because KIAA1078 and KIAA1543 appear to represent members of a single family of proteins, for the purposes of this paper, we refer to them as CAMSAP2 and CAMSAP3, respectively.
In the N-terminal region is a domain similar to a CH domain identified by the InterPro signature IPR001715. At the C-terminal of each is an uncharacterized domain, of which the prototype is PDB:1UGJ (the C-terminal domain of mouse CAMSAP3). This domain is recognized by the InterPro signature IPR014797 (automatic entry in Pfam DUF1781).
No other well-known domain structures are present. However, in the central region, there are three regions of coiled-coil structure predicted both via PSI-PRED and Coils 2. Sequence alignment also reveals a region rich in proline residues. Analysis of all three proteins for disordered structure using the program DISO-PRED suggests that the central region contains several regions of disordered structure too (not shown in fig. 1a ).
Because these proteins all have a common domain structure, we will refer to them collectively as the CAM-SAP family.
Further Blast analysis revealed that proteins with similar domain structures are detected in each of the well-characterized animal genomes available. Analysis of vertebrate genomes available in ENSEMBL revealed representatives of all three members of the CAMSAP gene family in each organism, but with one exception. Interestingly, the chicken only has two CAMSAP family genes, CAMSAP1 and CAMSAP2. To summarize the common domain structure, figure 1b shows quantification of a multiple sequence alignment of nine different CAMSAPs using the program Plotcon. The conserved domains are easily recognized as peaks in the alignment: In particular, the CH and CKK domains, the coiled-coil and proline-rich regions are recognizable. Of these, the CKK domain is the most conserved. Additional peaks in the similarity measurement, particularly in the N-terminal region, hint at the existence of further domains, although Blast and Interpro analyses do not clarify this.
In the invertebrate animals, CAMSAP homologues are represented in all eumetazoa from which extensive genomic or expressed sequence tag (EST) sequences are available. In each case, only a single CAMSAP gene was found. In the fruit fly Drosophila melanogaster, the CAMSAP homologue is annotated as ssp4 (Goshima et al. 2007 ). CAMSAP genes were readily detected in the cnidarians, for example, in Hydra magnipapillata (predicted gene LOC100208928) and in sea anemone Nematostella vectensis (predicted genomic transcript JGI|Nemve1|239919). However, the placozoan Trichoplax adherens genome (Srivastava et al. 2008) encodes no detectable CAMSAP homologue, based on whole-genome Blast analysis or HMM searches of all predicted peptides. Similarly, the genome of the chaonoflagellate Monosiga brevicollis contains no sequence encoding a CKK domain. Furthermore, in EST and available genomic sequence for sponge, there is no indication of any gene encoding a CKK domain.
Because at least single copies of CAMSAP family genes are present in all eumetazoan genomes, and in the case of Drosophila the gene is essential (Goshima et al. 2007 ), it appears likely that CAMSAP genes are essential for the life of animals with differentiated tissues.
Phylogeny of the CAMSAP Family
The CKK domain is unique to the CAMSAP family, and in that sense defines it. Figure 2 shows an alignment of CKK domains from a wide variety of organisms. The domain is highly conserved in general terms, with several residues that are invariant throughout. Characteristically, the CKK domain has a single invariant Trp within the core of the predicted b-barrel. Residues that interact with this Trp to form part of this core are highly conserved too (indicated in fig. 2 ).
Because the CKK domain is highly conserved across the animals, we made use of it in a phylogenetic analysis of the family. Figure 3 shows a tree generated by maximum likelihood analysis of a codon-based alignment (supplementary fig. 1S , Supplementary Material online) of CKK domain sequences.
Vertebrates have three groups of CAMSAP-family genes that segregate consistently into CAMSAP1, CAM-SAP2, and CAMSAP3 ( fig. 3) . In the fish, there are typically two copies of each of the three classes of gene, consistent with the known whole-genome duplication in the evolution of the bony fish (Van de Peer 2004) . Single genes are annotated in all the invertebrates analyzed.
Interestingly, hagfish, lamprey, and branchiostoma all have only one CKK domain on the basis of available EST and genomic data. On the basis of the 2R hypothesis (see Kasahara 2007) , it might be expected that hagfish and lamprey would have two copies of the gene. However, it is notable that the hagfish and lamprey CAMSAPs appear in a group with CAMSAP3. This might indicate that the CAMSAP3 arose after duplication of an ancestral CAM-SAP gene before the divergence of jawless and jawed vertebrates, with the other duplicate being lost from the hagfish-lamprey lineage.
In summary, it appears that a CAMSAP-like gene arose in the ancestors of simple animals. During the evolution of the vertebrates, this gene was multiplied so that extant vertebrate genomes encode three classes of CAMSAPfamily genes.
SLR Test of CKK Domain Conservation
Because there are three classes of the vertebrate CKK domain, it is possible that they have been adapted in evolution for specific functions. If so, it might be possible to detect positive selection of certain residues. To test this, we used the sitewise-likelihood ratio method (Massingham and Goldman 2005) . Using a maximum likelihood tree derived from a codon-based sequence alignment of mammalian CKK domains, we derived SLR x values for all codons in a variety of vertebrate CKK domains. In this test, x values .1 indicate positive (diversifying) selection, values ,1 indicate purifying selection. The derived x values are nearly all close to zero (none greater than approximately 0.3), suggesting the whole domain is subject to purifying selection (data given in supplementary fig. 2S , Supplementary Material online). Thus, this test provides no evidence for diversification of function in the three CKK domains.
CAMSAP1 Binds Microtubules via the CKK Domain
To examine CAMSAP1 function, we first generated an antibody to the C-terminal sequence and used this to identify cells in which it is expressed. In immunoblots of brain homogenates, the antibody detected polypeptides of molecular mass 170, 110, and 80 kDa ( fig. 4a) . The antibody specifically recognized the antigen because reactivity was fully displaced by soluble peptide. The 170-kDa product probably represents the full-length protein (predicted size from Uniprot:Q5T5Y3 is 178 kDa). The 110-kDa protein may represent product translated from an internal initiation codon predicted by EST EMBL:BC040549. The most 5# sequence within this EST lies with the coding sequence of the CAMSAP1 gene and predicts a novel exon (exon 10) that encodes an initiation codon. The 80-kDa band might also arise from further splicing events or from proteolytic degradation, because we have found CAMSAP1 in tissue extracts to be extremely sensitive to proteolysis (data not shown). However, we cannot formally rule out the possibility of cross-reaction with another protein at this point.
In preliminary immunofluorescence experiments, we found that CAMSAP1 immunoreactivity was abundant in the cerebellum granule cell layer (not shown). We therefore examined granule cell cultures for the presence of CAMSAP1. Figure 4b shows that CAMSAP1 antibody reacted with the axons and cell bodies of primary cerebellar granule neurons. In the example shown in figure 3a , the leading edges of the axons are well spread and show a network pattern. Counterstaining with antitubulin or DAPI for the nucleus revealed extensive overlap with the microtubule network ( fig. 4b-e) To test function of the CKK (and other regions of human CAMSAP1), we prepared EGFP-tagged CAMSAP1 and three fragments-the N-terminal region (including the CH domain), the central region (including the predicted coiled coils) and the CKK domain. These were each transiently expressed in HeLa cells. HeLa cells (and fibroblast cell lines we have examined) do not contain detectable CAMSAP1. Figure 5a shows the results of this experiment. The whole EGFP-CAMSAP1 construct gave a pattern similar to microtubules but no nuclear staining. The merged image shows extensive overlap with microtubules. We noted that the N-terminal region formed small patches in the cells that overlaid the microtubule array, but they did not give a specific microtubule pattern like the parent protein. The patches may represent an unidentified subcellular compartment but are perhaps more likely to represent aggregation. The EGFP-central region showed no specific labeling of microtubules but gave a diffuse pattern in the cells. By contrast, the EGFP-CKK showed extensive overlap with microtubules. These data indicate that the CKK domain contains the specific microtubule-binding activity of CAMSAP1.
Human CAMSAP1 was also expressed as a fusion with GST. The GST-CAMSAP1 was tested for microtubule binding in a pull-down assay with taxol-stabilized microtubules. Figure 5b shows that GST-CAMSAP1, but not GST alone, appears in the pellet, consistent with microtubule binding. The central region remained soluble, and appears to have no interaction with microtubules. The Nterminal region also appeared on the pellet; because the transfection experiments did not reveal any labeling along microtubules, it is not possible to determine the nature of any specific interaction (it is possible that the N-terminal region aggregates in the presence of microtubules).
In negative stain electron microscopy ( fig. 5c ), mixtures of GST-CAMSAP1 appeared to form lateral associations and formed bundles; microtubules alone or in the presence of GST did not form such aggregates. The GST-CKK domain also induced the formation of bundles indicating direct interaction with microtubules. It should be noted that the presence of bundles in figure 5c does not necessarily indicate that CAMSAP1 has an intrinsic microtubule bundling activity because GST itself dimerizes (McTigue et al. 1995) .
Overexpression of the CKK Domain Blocks Neurite Extension from PC12 Cells
If the CKK domain has a functional association with microtubules, it might act as a dominant negative inhibitor of natural microtubule function. A well-known function of microtubules is in axon extension: Because we found CAMSAP1 in axons ( fig. 4) , it was of interest to test if overexpressing the CKK domain alone could inhibit extension of axons. For these experiments, we chose PC12 cells, a readily transfectable and widely used model cell line. In the presence of nerve growth factor, these cells produce neurites that resemble the axons of sympathetic neurons (Greene and Tischler 1976) . Table 1 shows the results of these experiments. The CKK domain produced inhibition of neurite extension. Interestingly, the central region also produced a less dramatic, but still significant, inhibition of neurite extension.
These data are consistent with the CKK domain acting as an inhibitor of functions required in neurite extension, most likely by blocking microtubule function. The central FIG. 5 .-Microtubule-binding activity of CAMSAP1. (a) HeLa cells were transfected with EGFP fusions of whole CAMSAP1, the N-terminal region, the central region or the CKK domain (green channel). Cells were counterstained with antitubulin antibody Tub2.1 (red channel) and DAPI for DNA (blue). Merged images of the three channels are shown below these. (b) Microtubule pull-down assay. GST-CAMSAP1 or it fragments were mixed with taxol-stabilized microtubules polymerized from pure tubulin and centrifuged to recover bound material. Pellets were analyzed by immunoblot with anti-GST. (c) Negative stain electron microscopy of (left) microtubules only or (right) microtubules and GST-CAMSAP1.
region probably also has a role in neurite extension, but this is likely to be independent of microtubule function because it does not appear to interact with microtubules.
Discussion
In this paper, we describe the CAMSAP family and its defining domain, the CKK domain. This family is represented in the genomes of all animals with differentiated tissues. It is not present in the genome of any other organism: Of particular interest, it is not represented in the available sequence for the genome of the chaonoflagellate M. brevis, nor in the placozoan T. adherens. It is also not represented in the limited available sequence for sponges, although at the time of writing, too little genomic or EST data are available for a definitive statement on this point. However, it is possible that CAMSAP-like proteins arose with the earliest animals that had differentiated tissues, possibly as a cytoskeletal adaptation to the demands of cell specialization.
Members of the CAMSAP family are represented in single classes in the genomes of invertebrate animals but in three classes in vertebrates (figs. 1 and 3). It is common for genes encoding cytoskeletal proteins to have proliferated with the evolution of vertebrates. For example, the genes encoding a-actinin and b-spectrin are represented in four classes in vertebrates (Bennett and Baines 2001; Virel and Backman 2007) ; ankyrin genes are represented in three classes in vertebrates (Hopitzan et al. 2006) ; each of these is present in single copies in invertebrate chordates. Common fates of duplicated genes include nonfunctionalization, neofunctionalization, or subfunctionalization (Lynch and Conery 2000) . None of the extant genes appears nonfunctional because full-length spliced mRNAs are known for all three human and mouse CAMSAPs. Because all three vertebrate CAMSAPs have common domain structures subfunctionalization cannot readily be distinguished from neofunctionalization.
The origins of duplicated genes in vertebrate genomes have been summarized in the 2R hypothesis (Ohno 1970) . This proposes that there were two rounds of whole-genome duplication during the evolution of the vertebrates. The first is now thought to have occurred on the vertebrate lineage after the divergence of cephalochordates, the second after the divergence of the jawless vertebrates (Holland et al. 1994; Holland 1999; Kasahara 2007) . A third is now recognized in the lineage leading to the bony fish ( Van de Peer 2004; Kasahara 2007) . Figure 3 indicates that the jawless fish CAMSAP sits with the vertebrate CAMSAP3 group; by contrast, two other chordates, sea squirt (Ciona savigny) and lancelet (Branchiostoma floridae), which have single CAMSAP genes, are placed on the tree before the proliferation of the CAMSAP genes in the vertebrates. These data are consistent with specialization of CAMSAP genes after the initial round of whole-genome duplication.
The chicken genome only encodes two CAMSAPs-CAMSAP3 is missing ( fig. 2) . Birds generally have relatively low C values (Gregory 2002 ) and this primarily reflects loss of intergenic DNA (Ellegren 2005) . Some families of vertebrate proteins are missing from the chicken genome, for example, those associated with teeth (enamel proteins) and the vomeronasal organ (Chicken Genome Consortium 2004) . Presumably, the unique functions of CAMSAP3 are either dispensable in birds (e.g., they are associated with functions lost in the evolution of birds) or have been subsumed into the functioning of the remaining two CAMSAP proteins during the compaction of bird genomes.
The CAMSAP family is defined by a unique architecture, namely, a CH-like domain near the N-terminus and the CKK domain at the C-terminus ( fig. 1 ). The strong conservation of the sequence of the CKK domain ( fig. 2) suggests that its fold is conserved in all eumetazoa. The structure of a representative CKK domain has been deposited in the Protein Databank (PDB:1UGJ from mouse CAMSAP3); it is a beta barrel with an associated alpha helical hairpin. The CAMSAP1 CKK domain binds microtubules in transfected cells ( fig. 5a ) and in vitro ( fig. 5b and c) , and interferes with a microtubule-dependent process, neurite outgrowth, when overexpressed (table 1). We could find no evidence from the SLR test of diversifying selection in the three mammalian CKK classes. We also note that the fruit fly CAMSAP gene, ssp4, is required for normal mitotic spindle morphology (Goshima et al. 2007) . In this context, we consider it highly likely that the CKK domain represents a microtubule-binding activity that appeared early in animal evolution.
CAMSAP1 appears to represent a specialized mammalian CAMSAP, because we have been unable to identify CAMSAP1 expression in any standard cell line that with a flat morphology and well-spread microtubules (data not shown); thus, CAMSAP1 is not required for normal spindle morphology in all mammalian cells. It may be that one or both of the other CAMSAPs fulfill this role.
We found no evidence from HMM or PSI-Blast searches of the whole Uniprot knowledge base of the existence of CKK domains earlier than the eumetazoa. This begs the question of the origin of this domain. SCOP (Hubbard et al. 1999) classifies it as a PRC-barrel domain, examples of which are known in bacteria and green plants. It may therefore have arisen in animal evolution by adaptation of a preexisting protein containing such a folding structure.
Similarly, the CAMSAP CH domain is likely to have arisen from adaptation of a preexisting CH domain. It does not fall into a readily recognizable class (Gimona et al. 2002) , but Blast analysis of the Uniprot database suggests that it may be descended from a protozoan CH2 domain.
It is interesting to note that in their description of CAMSAP1 in astrocytes, Yamamoto et al. (2009) PC12 cells were transfected with the indicated construct and neurite extension was induced with nerve growth factor. Neurite production was scored as described in Bignone et al. (2007) . Both the CKK and central constructs gave specific inhibition of neurite outgrowth.
suggested that it may interact with IFs, specifically GFAP because it is present in all GFAP positive cells they examined. We found no evidence for interaction with IF in HeLa cells (although these cells do not express GFAP). Nonetheless, it seems that CAMSAP1#s additional cytoskeletal activities could include binding to a subset of IFs, and it may act as an IF-microtubule cross-linker.
A further conserved feature of the CAMSAP family is three predicted coiled-coil regions (see fig. 1 ). Coiled-coil regions are frequently associated with oligomerization of polypeptides (e.g., in IFs or the tails of myosin II). An open question is whether or not the predicted coiled coils mediate oligomerization or, perhaps, other protein-protein interactions.
Several alleles of D. melanogaster ssp4 are known at the time of writing (transposon insertions) and annotations in Flybase (Gelbart et al. 1997) indicate that all are homozygous lethal. Given that CAMSAP-like genes are present in all available genomes from animals with tissues, it seems likely that emergence of complex metazoa required CAM-SAP genes, and most likely, their microtubule-binding activity. The challenge for future work will be to establish further aspects of their functions in animal cell life, and in particular discrete functions of the three mammalian CAMSAPs.
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